Bone disease is a major feature of multiple myeloma. Myeloma-induced bone destruction is the result of an increased activity of osteoclasts, which is not accompanied by a comparable increase of osteoblast function. Recent studies have revealed that new molecules such as the receptor activator of nuclear factor-kappa B (RANK), its ligand (RANKL), osteoprotegerin (OPG), and macrophage inflammatory protein-1a are implicated in osteoclast activation and differentiation, while proteins such as dickkopf-1 inhibit osteoblastic bone formation. These new molecules seem to interfere not only with the biology of myeloma bone destruction but also with tumour growth and survival, creating novel targets for the development of new antimyeloma treatment. Currently, bisphosphonates play a major role in the management of myeloma bone disease. Clodronate, pamidronate and zoledronic acid are the most effective bisphosphonates in symptomatic myeloma patients. Biochemical markers of bone remodeling have been used in an attempt to identify patients more likely to benefit from early treatment with bisphosphonates. Furthermore, using microarray techniques, myeloma patients may be subdivided into molecular subgroups with certain clinical characteristics, such as propensity for lytic lesions that may need early prophylactic treatment. Recent phase I studies with recombinant OPG and monoclonal antibodies to RANKL appear promising.
Introduction
Multiple myeloma (MM), which accounts for approximately 1% of all cancer-related deaths in Western countries, is characterized by the accumulation of malignant plasma cells in the bone marrow leading to impaired hematopoiesis and bone disease, which includes mainly lytic lesions, pathological fractures, hypercalcemia and osteoporosis.
Myeloma bone disease is the result of an increased activity of osteoclasts, which is not accompanied by a comparable increase of osteoblast function, thus leading to enhanced bone resorption. The interaction of plasma cells with bone marrow microenvironment is crucial for the activation of osteoclasts. Several recent studies have provided new insights into the pathogenesis of MM bone disease. Apart from cytokines, such as interleukin-6 (IL-6), macrophage colony-stimulating factor (M-CSF), interleukin-1 beta (IL-1b), tumor necrosis factors (TNFs) and interleukin-11 (IL-11), which are known to have osteoclast activating function (OAF), the characterization of newer molecules such as the receptor activator of nuclear factor-kappa B (RANK), its ligand (RANKL), osteoprotegerin (OPG) and macrophage inflammatory protein-1 alpha (MIP1a), has provided further insight into the pathogenesis of MM bone disease and has formed the basis for development of new therapeutic approaches.
Biology of MM bone disease Increased osteoclast activity is evident in multiple myeloma
The interactions between myeloma cells and bone marrow microenvironment leads to osteoclast activation and proliferation, and subsequently to increased bone resorption through the production of different cytokines with OAF activity (Figure 1 ).
Interleukin-6. IL-6 is produced mainly by marrow stromal cells and is a growth factor for both osteoclasts and myeloma cells, stimulating their proliferation and preventing their apoptosis. The primary effect of IL-6 on osteoclast formation is to increase the pool of the early osteoclast precursors that in turn differentiate into mature osteoclasts. Serum levels of IL-6 and its receptor (IL-6R) are increased in MM and correlate with MM stage, disease activity and disease-free survival [1] . However, neither anti-IL-6 nor anti-IL-1b blocking was able to inhibit the osteoclastogenic effect of OAF factors secreted by *Correspondence to: Dr E. Terpos, 5 Marathonomahon street, Drossia Attikis, 14572, Greece. Tel:+30-210-7463803; Fax:+30-210-7464648; E-mail: e.terpos@imperial.ac.uk myeloma cell lines, while the administration of anti-IL-6 antibodies in MM had no antimyeloma effect [2] . Interleukin-1b. IL-1b has potent OAF activity; it enhances the expression of adhesion molecules and induces paracrine IL-6 production, resulting in osteolytic disease. Increased levels of IL-1b were detected in the supernatant of cultures of freshly isolated myeloma cells and in in vivo models of human MM [3] . Elevated IL-1b mRNA levels were also detected in MM patients, while anti-IL-1b antibodies failed to completely abolish OAF activity of myeloma bone marrow [4] . Interleukin-3. IL-3 mRNA levels were found to be increased in myeloma cells and IL-3 protein levels were increased in bone marrow plasma from MM patients. Furthermore, IL-3 in combination with MIP-1a or RANKL significantly enhanced human osteoclast formation and bone resorption compared with MIP-1a or RANKL alone. IL-3 also stimulated the growth of myeloma cells independently of the presence of IL-6. These data suggest that increased IL-3 levels are present in the marrow microenvironment of myeloma patients, increasing bone destruction and tumor cell growth [5] . TNF-a. TNF-a is found at high levels in the supernatant of plasma cell cultures from MM patients. The effects of TNF-a are mediated by stimulation of the proteolytic breakdown of Ikappa B [the inhibitor of nuclear factor-kappa B (NF-kB)], leading to NF-kB activation and enhancement of gene transcription, including IL-6 and adhesion molecules, which are involved in promoting bone resorption [6] . Hepatocyte growth factor (HGF). HGF is involved in angiogenesis, epithelial cell proliferation and osteoclast activation. HGF and its receptor (c-met) are expressed on myeloma cells, which have the ability to convert HGF into its active form [7] . HGF up-regulates the expression of IL-11 from human osteoclast-like cells, while transforming growth factor-beta 1 (TGFb1) and IL-1 potentate the effect of HGF on IL-11 secretion. Thus, HGF is an indirect factor involved in myeloma bone disease. Furthermore, when serum HGF levels were elevated , which is expressed on stromal cells. The adherence of MM cells to BMSCs/ osteoblasts enhances the production of the receptor activator of nuclear factor-kappa B ligand (RANKL), macrophage colony stimulating factor (M-CSF), and other cytokines with osteoclast activating function (OAF) activity (IL-6, IL-11, IL-1b, TNFs, bFGF), while it suppresses the production of osteoprotegerin (OPG, the decoy receptor of RANKL). The above cytokines also modify the bone marrow microenvironment, up-regulating the RANKL expression and secretion by both BMSCs and osteoblasts. Furthermore, myeloma cells produce MIP-1a, HGF and VEGF, which enhance the proliferation and differentiation of osteoclast precursors. MIP-1a can also activate intergrins to further induce cell adhesion, taking part in a paracrine pathway of inducing adherence of MM cells to stromal cells through VLA-4/VCAM-1 interactions, thus stimulating osteoclast activation. Myeloma cells may express RANKL, while OPG binds both surface and soluble RANKL inhibiting osteoclast development and bone resorption. Syndecan 1 (CD138) expressed on the surface of, and secreted from, the myeloma cells can bind soluble OPG, thus preventing its inhibitory effect on RANKL function. Therefore the ratio of RANKL/OPG is increased, leading to osteoclast differentiation, proliferation and activation, and to increased bone resorption, as is reflected by the increased levels of bone resorption markers (TRACP-5b, NTX, ICTP, CTX). IL-6 might also play its role in myeloma through the activation of MIP-1a. All these phenomena emphasise the multiple complex interactions between myeloma cells and BMSCs.
in MM patients they predicted for poor survival and lack of response to chemotherapy [8] . Furthermore, plasma osteopontin levels of MM patients were significantly higher than those of MGUS and controls, and correlated with both disease progression and bone destruction. These observations suggest that myeloma cells actively produce osteopontin, which contributes to osteoclastic bone resorption [10] .
The role of MIP-a pathway in osteoclast activation in MM MIP-1a is a member of the CC chemokine family and is primarily associated with cell adhesion and migration. MIP-1a is chemotactic for monocytes and monocyte-like cells, including osteoclast precursors. It is produced by myeloma cells and directly stimulates osteoclast formation and differentiation in a dose dependent way, through the receptors CCR1 and CCR5, which are expressed by osteoclasts. Moreover, the addition of a neutralizing antibody against MIP-1a to human marrow cultures treated with freshly isolated marrow plasma from patients with MM blocks MIP-1a-induced osteoclast formation [11] . MIP-1a mRNA has been detected in myeloma cells, while MIP-1a protein levels were elevated in the bone marrow plasma of MM patients and correlated with disease stage and activity. MIP-1a was also elevated in the blood of myeloma patients with severe bone disease, but not in MGUS patients with increased bone resorption [12] [13] [14] . MIP-1a has also been found to stimulate proliferation, migration and survival of plasma cells in both in vitro and in vivo studies [11] . Mice, which were inoculated with myeloma cells and treated with a monoclonal rat anti-mouse MIP1a antibody, showed a reduction of both paraprotein and lytic lesions. In addition, MIP-1a enhanced adhesive interactions between myeloma and marrow stromal cells, increasing the expression of RANKL and IL-6, which further increased bone destruction and tumor burden [15] . These observations are in accordance with the recent finding that myeloma patients with high MIP-1a serum levels had poor prognosis [13] .
The effect of the RANKL/RANK/OPG system on osteoclasts in MM New insights into the pathophysiology of osteoclastogenesis have emerged recently with the characterization of three new molecules that belong to the TNF superfamily, namely RANKL, RANK and OPG. RANKL is encoded by a single gene at human chromosome 13q14. Alternative splicing of RANKL mRNA allows expression of a type II transmembrane glycoprotein or a soluble ligand. Soluble RANKL (sRANKL) can be also released from its membrane-bound state by metalloproteinases. RANKL is expressed by activated T cells, marrow stromal cells and osteoblasts and binds to its receptor, RANK, which is expressed by osteoclast precursors, chondrocytes and mature osteoclasts. The binding of RANKL on RANK promotes osteoclast maturation and activation [16] . OPG is encoded by a single gene on chromosome 8q24 and is mainly secreted by marrow stromal cells. It is the decoy receptor for RANKL that blocks the RANKL -RANK interaction and thus inhibits osteoclast differentiation and function [17] . Therefore, it is the balance between the expression of RANKL and OPG that determines the extent of osteoclast activity and subsequent bone resorption.
Osteoclastogenesis requires contact between osteoclast precursors and stromal cells/osteoblasts. These accessory cells express M-CSF and RANKL that are essential to promote osteoclastogenesis. M-CSF expands the pool of osteoclast precursors and RANKL in turn stimulates it to commit to osteoclast phenotype. Thus, stromal cells and osteoblasts are the target cells of most osteoclastogenic factors that exert their effect by enhancing RANKL expression, such as parathyroid hormone (PTH) and vitamin D3. The expression of RANKL is enhanced by glucocorticoids, IL-1b, TNF-a, IL-11, PTH, prostaglandin-E2 and vitamin D3, and is decreased by TGF-b. The expression of OPG is increased by IL-1b, TNF-a, TGF-b and 17b-estradiol, while glucocorticoids, vitamin D3 and PTH reduce OPG production [18] . Furthermore, both IL-6 and IL-11 support human osteoclast formation by a RANKL-dependent mechanism, and the presence of the RANKFc that blocks the RANK -RANKL interaction inhibits stromal cell-induced secretion of IL-6 and IL-11 [19] .
The importance of RANKL and OPG as regulators of osteoclastogenesis has become evident from experiments with transgenic mice. Mice that lack either RANKL or RANK or that over-express OPG develop osteopetrosis because of decreased osteoclast activity [20] . Conversely, OPG knockout mice have numerous osteoclasts and develop osteoporosis and multiple fractures, since OPG cannot inhibit RANKL activity [21] .
Myeloma cells have the ability to up-regulate the expression of RANKL and down-regulate the expression of OPG at both mRNA and protein level in pre-osteoblastic or stromal cell co-cultures [22] . Therefore, RANKL expression has been found to be increased in bone marrow biopsies from patients with MM, while RANKL is over-produced by stromal cells, osteoblasts and activated T-cells in areas infiltrated by MM [23] . An interesting and controversial question has arisen recently about the direct expression or production of RANKL by human myeloma cells. Some researchers have found that myeloma cells did not express RANKL and did not produce sRANKL [22] . Furthermore, microarray technology studies showed that RANKL gene expression has not been detected in myeloma cells of MM patients [24] . However, other groups have detected RANKL expression in myeloma cells [25] . Despite this controversy, the available data suggest that the RANKL/OPG system is mainly involved in the activation of osteoclasts by myeloma cells indirectly through the bone marrow environment.
OPG expression is reduced in bone marrow specimens from myeloma patients. The adhesive interactions of myeloma cells with bone marrow stromal cells inhibit OPG production both at the mRNA and protein level [22] . Furthermore, myeloma cells decrease OPG availability by internalizing it through syndecan-1 and degrading it within their lysosomal compartment [26] . Thus, in MM, the regulation of OPG at both transcriptional and post-translational level reduces the availability of OPG in the marrow microenvironment, leading to reduced inhibition of RANKL and increased osteoclast activation. Indeed, when serum OPG levels were evaluated in MM patients, they were found to be decreased, while serum levels of sRANKL and sRANKL/OPG ratio were increased. Moreover, the sRANKL/OPG ratio correlated with the extent of bone disease and makers of bone resorption, confirming the importance of the RANKL/OPG pathway in the pathogenesis of MM bone disease in humans [27] .
Is increased osteoclast function crucial for myeloma cell growth?
Osteoclasts seem to enhance growth and survival of myeloma cells more potently than stromal cells, while they protect them from apoptosis. The adherence of myeloma cells to osteoclasts resulted in increased IL-6 and osteopontin production from osteoclasts. Subsequently, IL-6 and osteopontin in combination enhanced MM cell growth and survival, which were only partially suppressed by a simultaneous addition of anti-IL-6 and anti-osteopontin antibodies, and were completely abrogated by inhibition of cellular contact between myeloma cells and osteoclasts. These observations demonstrate that interactions of myeloma cells with osteoclasts augment MM growth and survival, and thereby create a vicious cycle leading to extensive bone destruction and MM cell expansion [28] .
Osteoblast function is also impaired in MM
Histomorphometric evaluation of osteoblast activity in bone biopsies from MM patients has revealed osteoblast inhibition, since no evidence of bone regeneration was detectable either within the skeletal lesions or in their vicinity. Functional exhaustion of osteoblasts has been also postulated by the inverse relation between biochemical indicators of osteoid production, namely serum osteocalcin (OC) and bone-specific alkaline phosphatase (bALP), and the presence of osteolytic lesions [3] . Silvestris et al. [29] showed that osteoblasts undergo apoptosis promptly in the presence of myeloma cells from patients with severe bone disease. It has been suggested that, in the myeloma bone microenvironment, both high cytokine levels and physical interaction between malignant plasma cells with osteoblasts lead to accelerated apoptosis of osteoblasts and defective new bone formation [29] . A recent study by Tian et al. [30] , reported that myeloma cells produce dickkopf 1 (DKK1) protein, an inhibitor of the Wnt signaling pathway, which is crucial for osteoblast differentiation. Marrow plasma from patients with MM that contained >12 ng/ml of DKK1 inhibited osteoblast differentiation. Furthermore, gene expression levels of DKK1 correlated with the extent of bone disease [30] . The presence of a soluble factor produced by myeloma cells that suppresses osteoblast differentiation is a very important finding, which, however, does not entirely explain why myeloma bone lesions do not heal even in patients in complete remission. There may possibly be a longlasting change in the marrow microenvironment that results in an inability of osteoblast precursors to differentiate, despite the absence of myeloma cells. Figure 1 summarizes the currently available data on pathogenesis of myeloma-induced bone disease.
Molecular subtypes of myeloma and lytic bone disease
A relation between the presence of bone lytic lesions on magnetic resonance imaging (MRI) and molecular characteristics of myeloma patients has been recently described, and is depicted in Table 1 [30, 31] . There are myeloma patients who belong in certain molecular subtypes (i.e. in subtypes 1, 2) and have greater incidence of presence of lytic lesions on MRI and higher DKK1 expression. The confirmation of these data will lead to a molecular classification of myeloma patients with respect to the different biological and clinical features and subsequently to earlier use of agents with antiresorbing activity in patients at higher risk of developing lytic disease.
Management of myeloma bone disease
The management of myeloma bone disease includes mainly the use of bisphosphonates, radiotherapy, adequate analgesia for bone pain and, rarely, surgical procedures.
Bisphosphonates
Bisphosphonates inhibit osteoclast recruitment and maturation, prevent the development of monocytes into osteoclasts, induce osteoclast apoptosis and interrupt their attachment to the bone. Furthermore, anti-myeloma activity of pamidronate and zoledronic acid has been suggested [32, 33] . Possible mechanisms include the reduction of IL-6 secretion by bone marrow stromal cells or the expansion of gamma/delta T cells with possible anti-MM activity. Several studies have evaluated the role of bisphosphonates in patients with MM [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] (Table 2) . Etidronate. Etidronate was found to be ineffective in two placebo-controlled studies in myeloma patients [34, 35] . Clodronate. Two major, placebo-controlled, randomized trials have been performed to date in MM. Lahtinen et al. [36] reported the reduction of the development of new osteolytic lesions by 50% in myeloma patients who received oral clodronate for 2 years. The benefits of clodronate were independent of the presence of lytic lesions at baseline. In the other study [37] , although there was no difference in overall survival between the two groups, clodronate patients who did not have vertebral fractures at baseline seem to have a survival advantage (59 versus 37 months). After 1 year of follow-up, both vertebral and non-vertebral fractures, as well as the time to first non-vertebral fracture and severe hypercalcemia, were reduced in the clodronate group. At 2 years, the patients who received clodronate had better performance status and less myeloma-related pain than patients treated with placebo [38, 39] . Pamidronate. Two, double-blind, placebo-controlled trials have been performed to date in patients with MM using pamidronate. Brincker et al. [40] carried out a trial in which patients were randomized to receive either oral pamidronate or placebo, in addition to conventional treatment. The authors found no reduction in skeletal-related events (SREs). However, patients treated with oral pamidronate experienced fewer episodes of severe pain. The overall negative result of this study was attributed to the low absorption of orally administered bisphosphonates.
In the second trial, patients with advanced disease and at least one lytic lesion were randomized to placebo or Survival in the patients with more advanced disease was significantly increased in the pamidronate group (median survival 21 versus 14 months; P = 0.041 adjusted for baseline serum b2-microglobulin and Eastern Cooperative Oncology Group performance status). SREs, skeletal related events (new lytic lesions, vertebral and non-vertebral fractures, need for radiation or surgery to the bone); NE, not evaluated. Values are the percentages of patients within each subgroup with a microarray signal (Affymetrix Hu95Av2) for DKK1 of >1000. MRI, magnetic resonance imaging; IgH, immunoglobulin heavy chain; DKK1, dickkopf 1; MMSET, multiple myeloma SET domain; FGFR3, fibroblast growth factor receptor 3; c-maf and mafB are v-maf avian musculoaponeurotic fibrosarcoma oncogene homologues.
intravenous pamidronate [41, 42] . The mean number of SREs per year and the median time to the first skeletal event were reduced in the pamidronate group. Pain scores and quality of life were also significantly improved in the pamidronate group. Although there was no difference in terms of survival between the two treatment groups, this study identified a subgroup of patients, who had received more than one previous anti-myeloma regimen, in which pamidronate was associated with prolonged survival [42] . The Cochrane Myeloma Review Group has reported a meta-analysis based on 11 trials and involving 2183 assessable patients. This review concluded that both pamidronate and clodronate reduce the incidence of hypercalcemia, the pain index, and the number of vertebral fractures in myeloma patients [47] . Zoledronic acid. Berenson et al. [43] compared the effects of zoledronic acid and pamidronate in a phase II randomized trial. Zoledronic acid at doses of 2.0 and 4.0 mg and pamidronate at a dose of 90 mg each significantly reduced SREs in contrast to 0.4 mg zoledronic acid. This phase II trial failed to show any superiority of zoledronic acid compared to pamidronate in terms of SREs, in contrast to a large phase III study showing a superior effect of zoledronic acid at 4.0 or 8.0 mg over pamidronate for the treatment of hypercalcemia of malignancy. Therefore, a large phase III, randomized, double-blind, study was performed to compare the effects of zoledronic acid and pamidronate [44] . There was no difference in terms of time to the first SRE between treatment groups. The skeletal morbidity rate was slightly lower in patients treated with zoledronic acid (4.0 mg). N-telopeptide of collagen type-I (NTX), a marker of bone resorption, showed better normalisation in patients treated with 4.0 mg of zoledronic acid compared to pamidronate, but that was the only reported difference between the treatment groups. The long-term follow-up analysis confirmed that zoledronic acid was of similar efficacy and safety with pamidronate in MM patients [45] . Ibandronate. Ibandronate has been used effectively in the treatment of hypercalcemia of malignancy. However, a randomized, double-blind, placebo-controlled trial failed to show any effect of 2.0 mg of ibandronate on reducing bone morbidity or on prolonging survival in MM [46] . Another study has shown that pamidronate produced a greater reduction of biochemical markers of bone resorption, IL-6 and b 2 -microglobulin than ibandronate (4.0 mg), while there was no difference between the two bisphosphonates in terms of SREs during the 10-month period of follow up [48] .
What is the optimal duration of bisphosphonates in myeloma patients?
This question has not been answered to date because the issue has never been the subject of any clinical trial. However, due to the benefit of bisphosphonates on performance status, quality of life and possibly on survival in a subset of patients, the clinician has to decide on the optimal duration, taking into account the potential palliative benefits of bisphosphonates and the adverse events that may be manifested. We believe that symptomatic myeloma patients should continue bisphosphonate administration for life with adequate follow-up of renal and liver functions. The time of initiating bisphosphonate treatment is also controversial. The American Society of Clinical Oncology has suggested that myeloma patients with lytic lesions or osteopenia should be treated with bisphosphonates, but there is no such recommendation for patients with solitary plasmacytoma or smoldering/indolent myeloma without documented lytic bone disease [49] . In accordance with this recommendation, two recent studies have shown that prophylactic administration of pamidronate does not improve overall progression-free survival but may decrease the development of skeletal events in stage I MM [50, 51] .
Monitoring bisphosphonate treatment in MM
Imaging modalities and bone densitometry are of limited value in assessing improvement or deterioration of myeloma bone disease. Therefore, biochemical markers of bone turnover have been used in MM to identify subsets of patients who are most at risk of bone complications or will benefit the most from bisphosphonate treatment, and also for predicting disease progression. A variety of markers of bone resorption [NTX, C-telopeptide of collagen type-I (ICTP/CTX), tartrateresistant acid phosphatase isoform-5b (TRACP-5b), pyridinoline and deoxypyridinoline)] and bone formation (bALP, OC and procollagen type-I N-or C-propeptide) have been studied. Both ICTP and NTX have shown a significant decrease after pamidronate or zoledronic acid administration [43, 52, 53] . High levels of ICTP and NTX correlated with bone disease progression during conventional anti-myeloma treatment [54] . Furthermore, TRACP-5b, which is produced only by activated osteoclasts, was increased in MM patients, correlated with the extent of bone disease, reduced during pamidronate administration and had a possible predictive value [55] . Bone resorption markers and sRANKL/OPG ratio have also been found to have prognostic value in MM [27] . In addition, these markers may become normal after high dose chemotherapy with autologous stem cell support [56] . However, further trials are needed to establish the predictive value of these markers before introducing them into routine use.
Radiotherapy
Radiotherapy is mainly used for the management of solitary plasmacytoma when there is evidence of symptomatic spinal cord compression, and for extensive and symptomatic lytic lesions. For solitary plasmacytoma, treatment with 4500 cGy (4000 cGy for vertebral lesions) provides excellent local control [57] . For painful bone lesions, pain relief is usually obtained with doses of 3000 cGy in 10 -15 fractions. Patients with generalized pain due to multiple-site involvement may be treated with single-dose hemi-body irradiation, to doses of 600 cGy to the upper and 800 cGy to the lower hemi-body. Experience with double hemi-body irradiation over a 6-year period showed a 95% reduction of bone pain in myeloma patients with relapsed/refractory disease, and 20% of them were able to discontinue opiate analgesia [58] .
Vertebroplasty
Percutaneous vertebroplasty which consists of percutaneous injection of bone cement into the vertebral body under fluoroscopy guidance, has been introduced in the management of spinal fractures. Early results in patients with metastases, myeloma or osteoporotic compression fractures are very promising as $ 80% of patients with pain unresponsive to medical treatment experience pain relief [59] . Kyphoplasty represents a modification of vertebroplasty that, in addition to stabilizing the vertebra and relieving pain, aims to restore the vertebral body back towards its original height [60] . These new techniques require further evaluation.
Surgery
Surgery has a role in the management of selected MM patients. Fractures of the femora or humeri require prompt fixation with an intramedullary rod, followed by radiotherapy. Decompression laminectomy is rarely necessary in patients with known myeloma, although radioresistant myeloma or retropulsed bone fragment may require surgical intervention [61] .
RANKL/OPG system as a target for novel anti-myeloma treatment
Intravenous administration of either RANK-Fc, a fusion protein of the murine RANK with the human IgG region, or recombinant OPG markedly reduced not only bone resorption and skeletal destruction, but also tumor burden in myeloma animal models [62, 63] . Body et al. [64] attempted to disrupt the RANK/RANKL/OPG interaction in 28 myeloma patients who were randomized to receive a single dose of either recombinant OPG or pamidronate. OPG caused a rapid and sustained dose-dependent decrease in NTX, comparable to that observed with pamidronate, without having severe sideeffects; however, the development of anti-OPG antibodies seems to eliminate the role of recombinant OPG in myeloma treatment [64] . Another recent study in 49 post-menopausal women with osteoporosis, confirmed the safety and bone antiresorptive effect of a single subcutaneous dose of a human monoclonal antibody to RANKL [65] . These results warrant further clinical trials targeting the RANKL/OPG pathway.
Conclusions
Bone disease remains a major problem in the management of patients with MM. Oral clodronate, intravenous pamidronate or zoledronic acid should be used in myeloma patients with osteolytic bone disease. However, many important issues, such as the most effective bisphosphonate, the time of initiation, the duration of treatment, and the use of markers to select high-risk patients, have not yet been clarified.
Additional studies focusing on these issues are therefore required. Furthermore, the emergence of new molecules, which are involved in the pathogenesis of MM bone disease (RANKL, OPG, MIP-1a), may allow the development of new agents with antimyeloma activity.
